Abstract. Sand flies inject saliva into the mammalian host when probing for a blood meal. Understanding the initial vertebrate reactions against sand fly saliva is important for possible interventions because these insects transmit diseases to humans and other animals. Little is known of these reactions to New World sand flies. Repeated exposure of BALB/c mice to Lutzomyia longipalpis bites leads to local inflammatory cell infiltration comprised of neutrophils, macrophages, and eosinophils. Total IgG and IgG1 antibodies react predominantly with three major protein bands (45, 44, and 16 kD) of the insect saliva by Western blot. The injection of immune serum previously incubated with salivary gland homogenate induced an early infiltration with neutrophils and macrophages, suggesting the participation of immune complexes in triggering inflammation.
INTRODUCTION
Leishmaniasis is transmitted by sand flies and affects millions of people worldwide, particularly in developing countries. In the New World, Lutzomyia longipalpis is the principal vector of Leishmania chagasi, the agent of American visceral leishmaniasis. The female sand fly injects saliva into the mammalian host when it probes for a blood meal. 1 This saliva contains a number of substances that are able to interfere with host hemostatic, inflammatory, and immune responses. These substances may actually benefit vector-delivered Leishmania parasites. 2, 3 Leishmania major co-inoculated with Lu. longipalpis salivary gland homogenate (SGH) induces more severe disease than parasites without saliva. [4] [5] [6] Mice exposed to uninfected Phlebotomus papatasi bites developed antibodies against saliva, as well as a strong delayed-type hypersensitivity (DTH) response. This cellular response is mainly a T cell CD4+-dependent immune response. There is infiltration of inflammatory cells at the site of the bite 24−48 hours after challenge with SGH that may help the sand fly to feed faster compared with a normal skin site. 7 In mice (BALB/c and C57BL/6), a prior exposure to P. papatasi bites led to a reduction in the severity of the dermal lesions at the site of L. major injection, suggesting that the DTH response against saliva provides a protective effect. [8] [9] [10] Much less information is available on the role of Lu. longipalpis bites in leading to hypersensitivity and humoral responses in animal models. In the present study, we explored the humoral and cellular immune responses against Lu. Longipalpis saliva after natural bites, as well as the role of immune complex in promoting early inflammation.
MATERIALS AND METHODS

Mice.
Female BALB/c mice (4-6 weeks old) were obtained from the Centro de Pesquisas Gonçalo Moniz (CPqGM)/ FIOCRUZ animal facility. The experimental procedures were reviewed and approved by the Animal Care and Utilization Committee of the CPqGM/FIOCRUZ.
Sand flies and preparation of salivary glands. Lutzomyia longipalpis (Cavunge strain) were reared at the Laboratório de Imunoparasitologia/CPqGM (Salvador, Bahia, Brazil) using a mixture of rabbit feces and rabbit rations as larval food. Sand fly colonies were maintained at 26°C. Adult male sand flies were offered cotton containing a sucrose solution, and females were fed on slightly anesthetized hamsters. Salivary glands from Lu. longipalpis females were prepared from 5−7-day-old laboratory bred flies. Salivary glands were dissected, placed in phosphate-buffered saline (PBS) on ice, and stored at −70°C. Immediately before use, the glands were sonicated and microfuged at 12,000 × g for two minutes. These supernatants were used for experiments.
Sensitization of mice. Groups of mice (n ‫ס‬ 12) were sensitized five times by natural exposure to 15 uninfected female Lu. longipalpis in the left ear at 10-day intervals. Ten days after the last exposure to sand fly bites, animals received 10 L of SGH (0.2 pairs) or saline injected intradermally with a Hamilton (Reno, NV) syringe and a 29-gauge needle. Ears from unexposed mice and from those exposed five times to Lu. longipalpis bites were removed 2 and 48 hours after the challenge.
Anti-sand fly saliva serologic testing. Anti-saliva antibodies were evaluated by an enzyme-linked immunosorbent assay (ELISA) using a protocol previously described. 8 Briefly, ELISA plates were coated overnight at 4°C with SGH (5 g/mL) as antigen. The plated were then washed with PBS-0.05% Tween and blocked with PBS-0.05% Tween plus 5% bovine serum albumin. Sera from control and immunized mice (1:10 dilution) were added and the plates were incubated overnight at 4°C. The plates were then washed and incubated with alkaline phosphate−conjugated anti-mouse IgG antibody (Sigma, St. Louis, MO), followed by alkaline phosphate substrate (p-nitrophenylphosphate; Sigma) and read at 405 nm. For detection of serum-specific IgG1, IgG2a, and IgG2b, serum samples were used at 1:50 dilutions and detected with alkaline phosphate−conjugated rat anti-mouse IgG1, IgG2a, and IgG2b (Jackson ImmunoResearch Laboratories, West Grove, PA) monoclonal antibodies (1:1,000 dilutions).
Western blots. Western blots of salivary gland antigens were performed as described elsewhere. 8 Western blot analysis was performed by electrophoresis of SGH (80 salivary gland pairs) on a 16% Tris-glycine gel containing a single long well (Invitrogen, Carlsbad, CA). After transfer to nitrocellulose membranes, the membranes were blocked with 5% non-fat milk in PBS-0.05% Tween overnight at 4°C. The membranes were placed on a mini-protean II multiscreen apparatus (Bio-Rad Laboratories, Hercules, CA) and incubated with serum (1:10 dilution) in blocking buffer for one hour at room temperature. This was followed by an incubation in anti-mouse IgG alkaline phosphatase−conjugated antibody (1:1,000 dilution) for one hour. Bands were visualized using alkaline phosphatase substrate (Promega, Madison, WI) and the reaction was stopped by washing the membrane with deionized water.
Intradermal injection of SGH pre-incubated with immune serum. A group of naive mice (n ‫ס‬ 6) was intradermally injected in the ear with 10 L of serum from mice immunized against Lu. longipalpis saliva previously (incubated for one hour at 37°C with 0.2 pairs of SGH.). Ears were removed at 2 and 48 hours after inoculation for histologic evaluation.
Histologic processing. Ears were fixed in 10% phosphatebuffered formalin and embedded in paraffin. Sections (5 m) were stained with hematoxylin and eosin. Cellular counting was performed by light microscopy. Results are presented as number of cells in SGH-injected ears minus the number of the same cell population observed in saline-injected contralateral ears.
Statistical analyses. Student's paired t-test was used to compare the groups using GraphPad (San Diego, CA) Prism Software.
RESULTS
Exposure of BALB/c mice to Lu. longipalpis biting five times led to significant production of IgG antibody to saliva (Figure 1 ). Under the conditions evaluated, most of the IgG production was represented by the IgG1 subclass, whereas IgG2a and IgG2b remained near background levels observed in unexposed animals ( Figure 1 ). Analysis by Western blot of sera from mice exposed to Lu. longipalpis biting showed that three major bands were recognized. A 45-kD salivary protein was recognized by five of six serum samples tested. Two other proteins (44 kD and 16 kD) were each recognized by three of the six serum samples (Figure 2) . Salivary gland homogenate (0.2 pairs in 10 L) injected intradermally in the ears of non-exposed BALB/c mice led to a very modest infiltration of inflammatory cells both at 2 hours ( Figure 3A ) and 48 hours ( Figure 3C ) after challenge. Similar injections in mice exposed to sand fly bites five times led to an intense and diffuse inflammatory cell infiltration observed 2 hours ( Figure 3B ) after challenge and persisting up to 48 hours ( Figure 3D) .
To investigate the role of immune complexes in the observed inflammation, we injected immune sera previously incubated with SGH into the ears of naive mice. Two hours after injection, an inflammatory infiltrate composed of neutrophils and macrophages was observed by histologic examination ( Figure 3E ).
To better analyze such an inflammatory infiltration, we counted the number of cells present in the sections (Figure 4) . Since the challenge of these animals was performed by needle injection of SGH, it was necessary to control for cell infiltration resulting from needle volume alone. Contralateral ears received saline under the same conditions, which led to mod-FIGURE 2. Western blot of Lutzomyia longipalpis salivary proteins recognized by sera from BALB/c mice. Sera were collected 10 days after the last exposure of mice exposed five times to sand flies bites (lanes 1−6). Values on the left are in kilodaltons. Lane A ‫ס‬ molecular mass markers; lane nc ‫ס‬ sera from negative controls. FIGURE 1. Anti-Lutzomyia longipalpis saliva IgG, IgG1, IgG2a, or IgG2b antibody levels in sera from BALB/c mice determined by an enzyme-linked immunosorbent assay. Mice were exposed five times to L. longipalpis bites (10-day intervals) or not exposed. Sera were collected 10 days after the last exposure. Error bars represent the mean and SD of the optical density (OD) at 405 nm. The Student's paired t-test was used to compare the groups. Abs ‫ס‬ antibodies. est cell infiltration. In each case, the number of cells present in the ear that received saline was subtracted from the number obtained in the SGH-injected ear of the same animal. Injection of SGH in unexposed animals induced cell recruitment similar to the injection of saline. Conversely, SGH injected into animals exposed five times to sand fly bites led to a potent recruitment of neutrophils, followed by macrophages and eosinophils two hours after challenge ( Figure 4A) . A reduction in neutrophils with increased recruitment of macrophages was the result in exposed animals 48 hours after SGH injection. (Figure 4B ) DISCUSSION BALB/c mice exposed to repeated Lu. longipalpis bites developed local inflammation and antibodies to saliva when challenged with SGH. Significant IgG and IgG1, but not IgG2a or IgG2b, anti-saliva antibody responses were elicited. Such a predominance of IgG1 antibodies with irrelevant IgG2a production suggests a preferential Th2 expansion. Sensitization to P. papatasi saliva has been reported to upregulate Th2 responses with interleukin-4 (IL-4) and IL-5 production in the epidermis. 8 A predominant Th2 response has also been reported against Aedes aegypti despite the presence of a delayed-type response in the skin.
11 Individuals exposed to insect bites first develop a DTH response against insect saliva, which evolves into a predominant immediate type hypersensitivity response, followed later by desensitization. 12 In an area endemic for visceral leishmaniasis, children showed antibodies to Lu. longipalpis saliva with a mixed composition of IgG1 and IgE, suggesting a mixed Th1/Th2 response. 13 We have recently reported that in human mono-FIGURE 3. Histology of ears from BALB/c mice that were not exposed (A and C) or exposed five times (B and D) to Lutzomyia longipalpis bites at 2 hours (A and B) or 48 hours (C and D) after challenge with intradermally injected salivary gland homogenate (SGH), (10 L, 0.2 pairs). A modest inflammatory cell infiltrate is observed 2 hours after SGH injection in unexposed mice (A), which subsides after 48 hours (C). Sensitized animals exhibited a moderate and diffuse cellular infiltration 2 hours after challenge (B) that increases at 48 hours (D). Injection of SGH previously incubated with immune serum into the ears of unexposed BALB/c mice resulted in moderate and diffuse cell infiltration 2 hours after injection (E). (Hematoxylin and eosin stained, original magnification × 40.) cytes, SGH of Lu. longipalpis induced an increase in IL-6, IL-8, and IL-12p40 production, but a decrease in tumor necrosis factor ␣ and IL-10 production.
14 SGH affected the expression of co-stimulatory molecules (CD80 and CD86) on the surface of human monocytes and macrophages, but had little effect on dendritic cells. Taken together, these data suggest that SGH affects the innate and acquired immune responses, as well as inflammation, as shown in the present study.
Sera from immune mice recognized with a high frequency and a strong reaction the 45-kD and 44-kD proteins from Lu. longipalpis saliva. These proteins were also the major targets of human antibody response in an endemic area. 12, 15 Since these proteins are widely recognized, they are natural candidates for use as markers of exposure to Lu. longipalpis bites. If these strongly immunogenic proteins have further roles in impairing immune responses or facilitating parasite establishment, this remains to be demonstrated. The 15-kD protein was also recognized by sera from mice exposed to Lu. longipalpis bites. Immunization with the 15-kD component from P. papatasi saliva was able to protect mice challenged with L. major plus SGH, inducing a strong inflammatory response. 10 In this report, we have demonstrated that Lu. longipalpis saliva induces an intense and diffuse inflammatory infiltrate characterized by neutrophils, eosinophils, and macrophages in pre-exposed mice. This response was observed at 2 hours and sustained up to 48 hours after SGH challenge, whereas histologic analysis of the ear dermis showed no inflammatory reaction in control unexposed mice. It has been shown that prior exposure to P. papatasi saliva by bites of uninfected flies modifies the course of the L. major lesion. 9 Such protection was associated with a strong cellular response and with interferon-␥ production at the site of parasite delivery. At the site of the reaction, pre-exposed mice exhibited an infiltration of neutrophils, eosinophils, macrophages, dendritic cells, and lymphocytes. When used for immunization, the 15-kD protein from P. papatasi saliva induced a strong inflammatory reaction characterized by elevated numbers of neutrophils and eosinophils. 10 Our results also showed a mixed infiltration with neutrophils, eosinophils, and macrophages. There was a modest presence of mast cells in the ear dermis of preexposed mice at both 2 and 48 hours after SGH challenge. This response is not a typical DTH reaction as induced by bacterial antigens such as the tuberculin reaction, which is predominantly a mononuclear cell infiltrate. We investigated the potential role of immune complexes in the observed cell infiltration. Two hours after injection of immune sera preincubated with SGH in the ear dermis of unexposed mice, there was an inflammatory infiltrate comprised of neutrophils and macrophages. Antigen-antibody complexes are produced during normal immune responses. Complement and Fc receptors activated by circulating immune complexes promote recruitment and activation of inflammatory cells, predominantly neutrophils and mast cells. In our work, there was a modest recruitment of mast cells.
In summary, our results suggest a predominant Th2 response developed in sensitized mice with IgG1 antibody production and with a putative role for immune complexes in cell recruitment. These results expand on the role of sand fly saliva in promoting an initial inflammatory response that may contribute to creating an inhospitable environment for the establishment of the parasite in the mammalian host.
